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ABSTRACT r The  inductance  of  a line  is  ImoTjn  to  decrease  with 
frequencyo  The  stray  capacitance  between  turns  is  actually  in 
parallel  with  the  inductance  of  a turn.  This  forms  a parallel 
circuit  which  can  help  offset  the  variation  of  inclnctance  with 
frequency.  In  the  multilayer  case  the  stray  capacitance  is 
increased  many  times.  From  these  principles,  design  equations 
are  developed  for  the  multilayer  line. 

In  the  impedance  ran^je  of  2.500  to  10,000  ohms  these  lines 
have  delays  ranging  from  0.65  to  0.5  m.lcrosecond  per-  axial 
inch.  These  lines  hav^e  characteristic  impedances  which  are  at 
least  three  times  greater  than  conventional  lines  and  delay 
times  per  unit  length  of  about  10  times  that  of  dolay  line 
cable. 

Experimental  results  in  the  form  of  photographs  of  the  pulse 
response  of  several  of  these  lines  to  pulse  durations  of  1,0 
microsecond  are  given,  RG-65  U delay  line  cable  is  used  for 
comparison, 

Experimental  resu^.ts  show  that  the  rise  time  of  multilayer 
lines  can  be  shorter  than  commercial  delay  line  cable  if  the 
delay  is  in  the  vicinity  of  4 miorosecorids. 

The  investigation  was  made  s.s  pai*t  of  Foundational  Research 
Task  Numbers  FR~4-52,  FR-b-'53>  and  PR~-29-54o 
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The  results  of  an  :lnvestigat3.on  of  high  i.mfpeclance  dolay  lines 
are  F’lven  in  this  report*  References  are  nsade  in  the  text  to 
the  I'ollowing  publicationss 
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SEILP  COMPENSATED  IIULTILANER  DISTRIBUIED  CONSTANT  DELAY  liUJBS 


INTRODUCTION 

1.  Inoreasing  application  la  being  made  of  distributed  constant 
delay  lines  as  circuit  elen»nts  in  present  day  electronic  eq^ip- 
ment*  The  characterlstio  impedanoe  of  these  lines  has  been 
limited  to  values-  between  400  and  3,000  Ohms  and  delay  times  tip 
to  1/2  microsecond  per  foot.  The  author  recently  reported  pre- 
liniDary  investigations  on  multilayer  bank  wound  delay  lines 
with  impedances  from  5,0P0  to  lO^OGO  ohms  and  delay  times  up  to 
1/2  mlcroseccnd  per  siie  object  of  this  repcnrt  is 

to  consolidate  the  theoretical  work  In  the  design  of  multilayer 
lines  with  eaperlmental  results  in  the  impedance  rsaige  of  2«500 
to  10,000  ohms. 


Theory 


:2o  Figure  l is  a viei-j  of  the  line,  with  a section  taken  along 
the  axis  of  the  solenoid.  The  line  is  assumed  to  be  infinite 
In  length  and  of  a multilayer  bank  wound  construction  with 
capacitance  to  ground.  In  general  the  lino  was  wound  over  the 
ground  as  shown  in  Figure  i but  several  lines  were  \«3fund  with 
the  ground  over  the  line,  2 is  taken  along  the  axial  direction 
of  the  winding.  It  is  assumed  that  a mutual  inductance  exists 
between  two  elementary  lengths  of  the  wire  which  Is  dependent 
solely  on  the  distance  between  them,  A stray  capacitance  also 
exists  between  each  turn  and  several  of  its  neighbors, 
overall  diameter  of  the  wire  with  its  insulation  is  b and  that 
of  the  uninsulated  wire  is  a.  The  number  of  layers  in  the  bank 
iTlndlng  Is  p.  It  is  assumed  that  the  wire  in  traveling  from  a 
top  layer  to  a bottom  layer,  does  not  take  up  any  space.  It  Is 
further  assumed  that  the  diameter  D is  a small  part  of  a wave 
length  at  the  highest  frequency  of  interest* 

3o  The  schematic  diagram  of  the  line  in  terms  of  liiaped  para- 
ii»ters  is  shown  in  Figure  2,  The  section  of  the  uniform  line 
dZ  In  length  is  characterized  by  a shunt  conductance  dG  = GdZ, 
a shunt  capacitance  dC  = C^dZ*  end  a series  resistance  dR  = RdZ, 
The  structure  is  further  complicated  by  the  stray  capacitance 
between  turns  and  by  the  fact  that  the  total  phase  shift  is  so 
largo  that  the  lnduc1;ance  of  the  infinitesimal  section  under 
study  is  Influenced  by  the  phase  cf  the  current  flowing  in  laany 
other  turns.  It  is  assumed  that  the  phase  difference  between 
the  currents  in  the  other  turns  is  dependent  on  the  distance 
between  them  and  the  turn  under  consideration, 

4,  It  will  be  assumed  that  the  characteristics  of  the  line  can 
be  deduced  from  the  characteristics  of  any  one  elementary  section 
taking  into  accoimt  the  effects  of  other  sections  on  the  ele- 
inentary  section. 


1 
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As  in  standard  transmission  line  procedure  we  will  assuma 
• a definite  input  current  and  voltage,  and  calculate  the  output 
current  and  voltage  froffi  the  constants  of  the  lineo  As  the 
line  sections  are  already  reduced  to  infinitesimal  sections  we 
may  neglect  the  shunt  elements  in  the  confutation  of  the  effect 
or  the  series  elements  and  vice  versa. 

6,  la  each  section  of  the  line  the  voltage  is  decreased  be- 
cause of  the  series  impedance  and'  the  current  decreased  by  the 
action  of  the  shunt  admittance  and  the  stray  capacitance.  In 
order  to  simplify  the  derivation  it  w5,ll  now  be  assumed  that 
the  current  and  voltage  are  sinusoidally  distributed  in  the 
axLal  direction  (Z)  except  in  the  calculation  of  the  effective 
series  inductance  and  the  effects  of  the  stray  capacitance* 

This  is  a very  good  approximation  as  the  lines  have  a very  low 
loss  and  in  fact  will  later  bo  assumed  lossless  to  further 
siuflify  the  “ssialting  equations. 

7.  Noting  that  a dot  over  the  quantity  is  used  to  denote  a 
vector  the  equations  of  the  voltage  drop  across  an  infinitesimal 
section  of  line  and  the  shunt  current  may  be  written  as 


-dv(w'',t  ) = Ri  (w",  t)dw”+|^  m(w)^  i (w‘ , t)dw’ j dw" 


(1) 


V ' SB- 


and 


di(w",t)  = Gv(v"j  t)dw"+ci.  v(wV^)dw"+[  / c(w)i_j*  v(w",t) 


(2) 


at' 


^v(v’,t)J  dw']  dw"o 


whero  v = alternating  coiifonent  of  the  voltage, 
i = alternating  component  of  the  ciurent, 

R = resistance  per  unit  length  (Rhos/meter) , 

G = conductance  per  unit  length  (mhos/metor) , 

Cp  = capacitance  to  core  per  unit  length  (farad s/meter) , 
i3(vji  =s  mutual  inductance  per  unit  length  between  ti-jo 
elementary  sections  of  line  length  dZ  and  dZ® 
separated  by  a distance  w (honries/meter) « 


W = (z‘“Z+f‘“f) 


w*=  z’+r' 


W'  - V 


w"=  z+r 

let  1 = Tmax 

V 

and  V 

V 

where  0 » 2^<-V  = 2-rf 


V ~ velocity  of  propagation. 


NAVORD  Report  3759 


oO 

Let  us  look  at  f in(w)  > i(w',t)dw*, 

— o* 

= /^m(w)  exp  J u;(t-wj.)  dw‘ , 

^ 

* .jivl  exp  ju?  (t-w»)  f u}(w)  exp^j  ^)dw, 

« ju>i  L(jiJ),  (k) 

where  L(^)  = y m(w)  expf^.Juy w jdw,  (5) 

V ^ V ^ 

thus  L(^  In  the  Fourier  transform  of  m(w) 

8o  This  problem  may  be  simplified  considerably  by  the  follow- 
ing approx tmat ion o Let  us  assume  that  the  x^adial  depth  of  the 
winding  pb  <<  g ^ fact  la  so  small  that  (r*-r)  — > Oo 
In  other  words  we  assume  we  have  a single  layer  solenoid  wound 
with  wire  whose  diameter  is  This  assumption  haa  been 
sxperimontally  verified  as  vnll  be  shown  later*  In  practice  ^ 
would  have  a lower  limit  of  about  0*07*’  pb  upper  limit  abbut 
0*012"  30  that  r’  would  vary  from  O.Obi^."  to  0*07o"o 

9*  The  parameter  w then  becomes  a function  of  the  axial  sepa- 
ration between  the  roferonea  turn  and  all  other  turns*  This 
problem  has  been  solved®.  The  authors  replaced  the  coil  with  a 
thin  cylindr.lcal  sheet  of  radius  over  which  flov/s  a current 
sheet  In  the  axial  direction 


Is  = Iq  expC-^Z)  per  unit  length 

where  ^ = 2tt 

The  solution  of  equation  (5)  was  given  as 


L(^)  = 2It  (7TD)  K.  (ttD)1  L.-  (^) 

where  and  era  modified  Bessel  Functions  of  the  first  and 

^ A A 4**^  Im  4 w* ^3  f 
ovwOiJUu.  aaHQ  » ^ 

Lq  » Inductance  of  the  line  at  low  frequencies  (honr le s/met er ) „ 
d”  * mean  line  diameter  (meters), 

a axial  wave  length  along  the  line  (metei’s)* 

lOo  We  now  determine  the  capacitance  coupling  to  the  n th  coll 
by  considering  the  effect  of  the  nearest  neighboring  colls  only* 
Inasmuch  as  the  variable  of  integration  in  equation  (2)  Is  w' 
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on©  can  take  th©  (differentiation  sign  out  of  the  Integral  thus 


^ v(w",t)  -v(w»,t)j  dw' 


f • «R 

«>» 

( c(w)  |v(w".t)  -vCw»,t)  dvf‘, 
ft  / I-  j 


(7J 


II o As  the  oapaoltanoe  por  unit  length  is  constant  equation 
(7 ) becomes 


" £t 
b 


oo 

A y[v(w",t)  -V(w*,t)l  dw*, 


(8) 


Where  0^  » stray  oapacltenco  between  two  adjacent  turns  and 
G|.  • stray  oapaoitance/unit  length c 


A. 


• -iif  Ht.-  . . - 


^ * f/  jJiinIsS’ 


1 


1 


1 


is 


» jiagasiBwa^^  ~ •• 


OO 

|^;(w"  ,t)  » v(w‘  ,t) 


J ^ 

--oo 


d V,’ ■- 1 -''''n.)  "*i"  "'^n) '^^n) 


^ “f  l)  “f- p ^ "'(vn  '^n4  p+l) 


(9) 


^ the  n th  turn  had  been  on  the  inside  boundary 
j v(w'‘,t)  ^ v(w’,t^dw’=:  <.=  pvn.,p  -v^)  =■  (vn  Vn-4i)  = C"''n 

C*CI  , 

•'■'^n^p-h  Ij. 


(10) 


.1^  the  n th  turn  had  been  on  the  outside  boundary 
Jjv(w",t)'-v(w‘ ,t)  jdw's=.  /^(vn.p-,1  ~^n)~hC’n^p 


n) 


» (^n  , 


(11) 


Expanding  by  means  of  a Taylor  series  for  the  voltage  of  the 
adjacent  turn  in  reference  t^  that  of  its  neighboring  turn  and 
substituting  x for  vi’ 


^n-M' 

V„  + & 

b? 

•>1^  * • • • * * • 

(12) 

Ux 

‘ 2i 

dx^ 

Vn-=I  - 

^n 

dVn  , 

.b£ 

d^vn 

O < B 

> • • • • o e 

(13) 

dx 

2i 

d5^ 

^n+  p 

V 

n t p- 1 -j. 

dx 

' 2f 

^^f^n  -f  p-l)_i„ 

dx^ 

• • V c 

(14) 

'' n - p 

v*n. 

- p + 1 

b (d 

Vp 

— •*t  .^1 

div.n-g.i.l.) 

O b > O O 

(15) 

dx 

2 . 

dx^ 

-h  p- 

=1- 

’ ■+  P' 2 

t ^ 

4n  :L 

,?/  \ 

o • o o 

(16) 

dx 

A 

d^ 

^n  + p- 

^2-' 

i-  p-3  -f- 

b d 

O 9 « O 

(17) 

dx 

dX^ 

d-  p 

i- 1 

V lb 

*•“  n •^  p 

4(vn  J- 
dx 

P ’ 

,2 

c5x^  * 

b3  d3 

■JT 

p)  ( 

Substlti. 

iti 

ng  t* qua  t ion  ( 

14)  in 

equatl 

.on  (18)  -.ve  obt 

‘•a  in 

3 


-^ww  iwwitf 


MBiiiiaaa;^pw»!5ar^v.^:aiss.i^4a^ 


V "1  V 


+ 2lfe‘’'"'-P'’-V-  1^3^  WlV^4‘''n^P-lW' 


Collecting  terms 


''.«ptf  Vp-i+2Jl  ^.(v,^,.p  i)^_  2b£ 


, 2b^  d\  rv-,  1^  .,  , , 
3 dx"^  - 1 


i'lUb^titutirig  equation  (14)  in  equation  (3.8) 


^n+ptl=  ■^n+p-2  4.»  *^^nfp-^2^^ 

^ '^n  f P--  2 V 

3 d-x-*^ 


'"'  I n I '*f  ^ ^ n j-  Ti«  o),  . . . 1,  2b^ 


f • ‘ “ jV  f 

Cm  mm 


Collecting  terms 


■) 


~4^’'n+p-2-'4-'  • ■ • 


1 


J 


^nfpfl— ^nfp.^2f  2)^  P_5  d3^(vn^p._2) 

4^1^.  |^(Vj^.}p,.  2).fo  . . . c 

Substituting  equation  (17)  in  equation  (22) 

4£.p(vn.{.p..3)v..26l}^„ 

^ dx  ' dx2  '3  dxP 

^3..  . . 

3 


29b^  (v  o)  ( 

j'‘^nfn-23  !-•  • • 

^ dx 


6 


In  similar  fashion 


''n>pa=''ntp.5.y-^’i  i.<Vnfp-.5>.^l6bi.  ^^(.Vnrp-5'> 


l80b^  d3  r'v  . , 1080b^  {-.-  ,_  i. 


24 


dx" 


Thus 


^n4p->~i  ” |-.(Vn4.p,  6)|1S^  — 


d>: 


dx^= 


4- 


29  5b^  d3  /y  , '^rjl  9'n^  /n  ^ 

■— -j^Vn^p--6^.|P.U£^  S^(Vn4.p-.4)^ 


A <«  » 


etc  until  vva  £ot  a series  for  v^.p^2_  in  terras  of  Vj^-. 
similarly 


■'^n-p  -1  r "'^n  -p  ^(  Vjj.,.,p)^ 


2 dx‘ 


3 ^ 


‘p; 


i — - 4-T^^n«p^ 
4 dx^ 


r 


o„(vn^p.;.l)  -b  iL(vn,pfl)a  b^  d3^.(vn-pA)  »■  . . 
dx  dx*^  ' 2 dx4 

L ^ Pfj-''  ■ ^ 

I 2 jdx'^  dxu  ' 2 ^ ' 

1 


5J5-'''n-  p+1 


L 


- p-?  l)  ' P-i-' ^ 


(29) 


- '^n  vi-2  p-fs) 

- ■ d:<  ^ ^ 2 * 


- 1"^  |^(Vn_.pj^) 


(30) 


<-Vn  jv3  - ^ ^(v^..p^3)^6b2  d.2  (vn.p^3)  -=  I?  <“'^x>p^) 


4.  |3.lil  ( V p .^^3 ) , 


(31) 


r-'Vn.p,'4  ~ 5b  ^(Vn,.p.^4)  .gib?  d^  (V,,^^^4)  . 53b3  ^ ^^.4) 

dx  /2  d^  ■ 3 ^^3 


4 Wbl  dJ^^Cv^ 

12  dx^ 


o o ♦ o o 


(32) 


etc  until  v;e  get.  a ssrie.^  for  terras  of 


If  q i.s  the  nui.iber  of  turns  removed  from  the  reference  turn  a 
gcnercl  express ica  would  be 
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Foi^an  inside  turn  using  equations  (9)  and  (33) 
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where 
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y p <2 
A*  ( 4 if  p •-  2 
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C'"-*  will  not  bo  needed  later  arid  is  not  tabul-ated 
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4fv  • 


r-f*  .’i-  r^i*fce‘r«aKv<5Sr«w-*-^ 
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?rpm  an  inside  bourclnry  turn  using  equations  (10)  and  (33) 
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To  a first  approximation  v^e  may  neglect  all  terms  higher  than 
the  second  de3?ivativo  if  the  phase  shift  per  turn  is  stnallo 


v(w’',t)  ^v(w't)  dvv'._,  • b^|:p2^p|l)2  »-A’*7d£,,  v_ 

I Idx*^ 
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for  an  inside  turn 
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For  the  speoiel  cose  of  a 2 layer  eo.il 
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(46) 


where  K is  given  in  Table  1. 


Table  i 


r 


Number  of  Layers 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 


K 

14 

43 

116 

239 

424 

633 

1023 

1471 

2024 


r ‘ 

J«-  V 

* 1 

K 1 

ii6 


A plot  of  K vs  the  number  of  layers  appears  in  Figure  3* 

Equations  1 and  2 then  becone  for  sinusoidal  applie^d  voltages  as 
in  eq\iotion  3« 


J --  ri  .;„.-]«UL(^j 


(47) 


''  ?2 


(48) 


if 


These  equations  are  those  of  an  ordinary  distributed  constant  1 


L : L (^) 


IT 


C'.Co  c,.  i<b 


C:. 


(49) 

(40) 


12 


• ^ ' 


. * . ' V 


If  the  line  is  now  assumed  to  be  lossless,  the  well  known 
solution  of  the  transriiission  line  e^ua 


JT 

"VC 


ions  of  interest 

aro: 

(sec/ meter) 

(51) 

(rad/meter) 

(52) 

( ohms ) 

(53) 

phase  shift 

ciiaractorlstlc  impa dance 
Inserting  equations  (6).  (49)  and  (50)  In  equation  (5D  vvs  obtain 

2Ii  (JQ)  K,  ( n f)  I l-ff'iL)'  Ct_  Kb  (54) 

\Tq/  a -*■  — r*'  1 "\v  / r._ 


‘“t:* 


I 


where  TQ^^o^ot  fiequency  time  delay.  Substituting 


in  equation  (54)  for  ^ 


/ 


we  (ibtain 

r 


/t¥-2I  (2^)  K (HD)  j l^,q 

I ^ ^ L, 

4 Kb 


(^y 


where  q. 


Cq 


(55) 


(56) 


12o  It  is  tlnis  apparent  that  the  stray  ctpacltance  between 
turns,  C^,  is  multiplied  by  a factor  K,  For  a single  layer  line 
(K  = 1)  tho  effect  of  this  capacitance  is  negligibleo  Bt>r  a 3 
or  more  layer  line  K has  boen  increased  many  times  and  actually 
is  large  enough  to  compensate  for  the  decrease  of  inductance  with 
frequency  as  far  as  time  delay  is  concerned.  It  is  true  that  the 
characteristic  lng)edance  will  suffer  from  this  compensation,  as 
it  does  with  all  other  knovm  compensation  mei^sures  in  delay  lines. 
However  the  time  delay  is  in  general  far  more  critical  than 
characteristic  impedance.  This  stray  capacitance  actually  becomes 
our  eompensation  and  those  lines  are  thus  called  self -compensated 
lines. 

13  o - plot  of  5o  equation  (55)  Is  shown  in  Figure  V„  It 

will  be  observed  that  for  a given  delay  line  with  q>o,  Z 

Xq 

decreases  as  the  frequency  increases  to  some  minimum  value  and 
then  increases  without  limit.  If  the  maximum  variation  in  time 
delay  is  prescribed  q may  be  determined, 

l4o  "If  the  variation  from  a linear  phase  characteristic  is  no 
more  than  1/2  radian  in  a frequency  range  of  1 

3 X pulse  length 
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there  will  probably  be  no  serious  loss  of  signal  detallo"^ 

*If  the  variation  from  a linear  phase  oharacterlstio  is  as 

much  as  one  radian  In  a frequency  range  of  1 

3"" i P^8®  icngtE 

complete  loss  of  signal  detail  may  be  expected*”®  If  a system 
is  to  pass  pulses  of  duration  T the  approximate  bandwidth  is 
made® 


F • 1 • (57> 

2T 

From  the  above,  however,  we  require  that  the  deviation  from 
linearity  In  2/3  of  the  bandwidth  given  by  equation  (57)  shall 
not  be  more  than  l/2  radian* 

15 • Thus,  if  a pulse  whose  duration  was  0»l66  microsecond  was 
to  be  passed,  the  phase  distortion  would  have  to  be  less  than 
1/2  radian  up  to  2 megacycles.  This  corresponds  to  a total 
error  in  time  dslay  (T-T^)  of  0*04  microseconds.  I^us,  If  the 
total  delay  was  1 microsecond  the  error  couJ.d  be  1+^. 

16 • Let  us  arbitrarily  allow  the  curve  to  go  as  much  above 

1,  for  a given  value  of  q,  as  the  curve  did  go  below  I*  Thus, 
from  Figure  i*.,  we  can  secure  the  ^ variation  in  time  delay  vs 
q.  This  cxarvs  appears  as  Figure  5«  Thus,  in  the  example  of  the 
last  paragraph  q must  be  greater  than  0*55*  Figure  6 is  a plot 
of  ^ variation  In  time  delay  vs  value  of 

was  obtained  from  Figure  Ij.  where  the  T/To  curve  oroeses  the 
maxlimim  error  in  T allowable  in  upward  direction.  Figure  7 shows 

C » )n,nir  VS  q from  Figures  5 6* 

A 

17.  ^e  variation  in  time  delay  of  these  multilayer  self- 
compensated  lines  are  very  similar  to  single  layer  lines  with 
compensation  patches?. 

l8o  The  desig?i  equations  of  multilayer  linos  may  now  be  stated. 
Rewriting  equation  (56}  as 

C * 4C-t  Kgb  farads/meter,  (58) 

find  using  0^  - -n-2DK«f,o  f7. (59) 

where  is  the  relative  dielectric  constant  of  the  insulation 
on  the  wire,  we  finally  got 


Cq  » ^Ke  € pKb  — farada/metero  (60) 

D /2^  q V b— a 

This  is  a convenient  foxmi  to  relate  the  compensation  capacitance 
(C^)  to  the  capacitance  to  ground  (C^)  as  we  have  equations  to 


II4. 
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X^late  to  Cq  to  tho  physical  dimensions  of  the  linoo 


Cq  ■ ^^Ked  ^o  ferads/raaterp  (6l) 

In  D1/D2 

whei*e  Is  the  dleleotric  constant  of  the  insulation  between 
the  core  and  the  windingp 
l>2  ie  the  core  diameter^ 

and  Dj,  la  tho  diameter  of  the  core  plus  tho  InauXatlono 

19 o ^Is  simple  formula  is  applicable  in  most  multilayer  linesp 
but  it  should  be  noted  that  there  ia  a oapacitanoe  formed  by 
the  insulation  on  the  wire  itself.  As  the  dielectric  constants 
are  not.  In  generalp  the  same,  more  exaot  results  may  be  secured 
by  considering  both  mediums^^.  most  cases  however  equation 
(ol)  is  accurate  enough. 

2O0  The  inductance  of  a long  solenoid  is  given  by  the  well 
known  expression 


D^mq  (henr  lea/mo  ter),  (62) 

« 

where  N ia  the  number  of  turns  per  meter. 

21 « From  Figure  4 it  is  obvious  that  some  variation  in  time 
delay  is  unavoidable.  This  variation  in  time  delay  is  a vari» 
at ion  in  phase  response  (sea  equations  (5I)  and  (5^)}o  Zt  is 
well  known  that  any  variations  in  the  amplitude  or  phase  response 
of  a system  will  alter  the  wavs  form  of  the  output  signal  of  the 
-systems.  From  the  method  of  paired  echoes'*’^  we  know  that 
amplitude  diet ox^t ion  produces  distortion  symmetrical  about  the 
center  of  the  pulsep  while  phase  distortion  produces  anti<=> 
symmetrical  distortion  of  the  pulse.  The  response  of  a unit 
impulse  passed  through  several  kinds  of  amplitude  distortion  is 
shown  in  Figure  8s  From  some  measurements  made  on  the  amplitude 
distortion  of  these  lines  with  sinusoidal  signals  applied p it 
appears  that  the  response  of  these  lines  resembles  (c)  throu^ 
much  of  the  range  with  a sharper  drop  at  some  higher  frequency 
where  the  amplitude  is  already  very  lowo 


22.  The  phase  distortion  of  an  uncompensated  and  aelf«compensated 
line  ia  shown  in  Figure  9<>  The  phase  distortion  approaches  the 
form  indicated  in  Plgur  o lOo  The  response  to  a unit  Impulse  is 
also  shown  in  Figure  10  if  the  phase  error  is  assumed  sinusoldalo 
The  response  is  altered  by  the  echo  or  Impulse  overshoot.  Tho 
magnitude*^  of  this  echo  Is 


15 


(63) 


.6 


^ i 
j 


‘I 


1 4 ' c. 


i o 
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where  Is  the  Bessel  Function  of  the  first  kind  and  1st 
order,  is  the  Bessel  Function  of  the  first  kind  and 

0th  order,  ® 


23*  It  is  thus  apparent  that  the  aaplltud©  distortion  produces 
syrametrical  overshoot  echoes  and  phase  distortion  produces  anti* 
svEssetrical  overshoot  echoes,  Heasurements  of  aioplltude  and 
phase  distortion  echoes  on  t^ioal  lines  used  in  this  report  are 
shown  in  Table  IX.  This  table  deioonstratcs  that  i^se  dis- 
tortion is  causing  most  of  the  overshoot  in  most  of  the  lines 
wound. 


24,  Thus  with  the  aid  of  equations  (5l)«  C53)>  (60),  (6l). 
(62),  (57)  and  statement  below  eqiaatlon  (57),  and  Plguros  3»  4 
and  5 this  type  of  line  may  be  designed.  Lines  have  been  wound 
vdien  the  average  xmzaber  of  layers  was  not  an  Integer,  In  this 
case  the  value  of  K was  read  from  Figure  3 for  the  average 
number  of  layers.  No  difference  in  performance  of  these  lines 
has  been  noticed. 


25*  In  general,  lines  have  been  bank  vround  iiTith  layers  from  2 
through  5 and  wire  sizes  from  32  through  47  with  several  kinds 
of  Insulation,  These  lines  have  had  Impedances  from  2,000  ohms 
tlQPough  10,000  ohms  and  time  delays  from  2,5  to  ovop  30  micro- 
seconds per  meter.  Examples  are  given  in  Table  II,  Eiqperl- 
mental  evldeiMse  to  substantiate  the  theory  developed  in  this 
section  will  be  given. 


Line  Construction 

26,  The  lines  \rere  wound  on  3/l6  inch  d.lameter  polyst3rrene 
cores  12  Inches  long,  These  cores  were  g.iven  several  coats  of 
silver  conducting  paint  to  form  the  grou^  strip.  Although  the 
cores  could  be  slotted  after  an  overnight  drying  ;»eriod  a much 
cleaner  cut  was  mde  if  the  drying  period  was  several  days. 

The  cores  were  axially  slotted  forming  36  thin  strips,  each 
strip  being  about  0.015  inch  wide.  The  slots  were  about  0,003 
inch  vide,  A one  inch  length  of  the  core  was  left  imslotted  to 
facilitate  the  connection  of  the  external  ground  lead.  The  core 
was  covered  with  a layer  of  insulating  material  to  give  the  re- 
quired vlnding-to-core  capacitance,  A piece  of  thin  teflon 
tape  was  wound  around  the  core,  A number  of  small  pieces  of 
scotch  cellophane  tape  held  the  teflon  on  the  core  Tantll  the 
line  was  woimd.  The  scotch  tape  was  removed  piece  by  piece  as 
the  line  was  wound, 

27,  The  winding  \ms  done  on  a lathe.  In  order  to  provide 
uniform  wire  tension,  both  to  secure  a good  winding  and  to  pre- 
vent breakage,  a wire  feeding  device  was  used.  The  wire  feeding 
device  and  the  slotting  device  are  shown  in  Figure  11,  The  wire 
tension  was  adjustable  over  a range  of  about  10  to  70  grains. 

The  tension  was  continuously  indicated  by  a pointer. 


ti 


, < 

-! 


16 


1 1 
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280  A wire  guide  attached  to  the  longitudinal  feed  of  the 
lathe  wee  placed  about  I/I6  inch  from  the  core,  which  was 
chucked  In  the  lathe*  The  longitudinal  travel  of  the  wire 
guide  could  be  as  low  as  OeOOOo6  Inoh  per  turn*  As  this 
distance  is  a fraction  of  the  wire  diameter^  the  result  was  a 
multiple  layered  coil  approximating  a bank  winding*  The  far 
end  of  the  core  was  attached  to  a counter  chucked  in  the  tail» 
stock*  A steel  drill  rod  was  inserted  through  a hole  in  the 
core  for  rigidity*  A 10  inoh  long  winding  was  T?ound  on  the 
core*  Lines  have  been  wound  with  speeds  varying  from  about 
200  to  800  rpm* 

29*  A magnified  view  of  the  end  of  the  line  showing  details 
of  construction  appears  in  Figure  12* 


Measurement 8 

309  The  method  for  determining  the  charaoterlstlo  in^edanoe 
of  these  delay  lines  was  baaed  upon  the  fact  that  no  re» 
flections  oocxir  in  an  idealized  delay  line  terminated  in 
oharacteristlo  impedance.  The  value  of  the  characteristic 
Is^danoe  in  a practical  case  Involving  complex  waves  must 
therefore  be  comprconised  for  minimum  reflections  over  the  band 
of  frequencies  for  which  the  line  Is  designed  to  operate*  The 
lines  were  terminated  at  the  input  as  well  as  the  output  to 
minimize  any  possible  secondary  reflections  at  the  input*  A 
suitable  means  of  determining  the  effective  characteristic 
in^danoe  when  the  line  is  used  to  delay  rectangular  pulses  is 
to  feed  the  pulse  itself  into  the  delay  line  and  to  adjust  the 
terminating  impedances  for  miniimcn  reflections*  A block  diagram 
131.ustrating  the  experimental  method  for  determining  the 
characteristic  impedance  of  these  delay  lines  and  for  recording 
the  response  of  the  delay  lines  to  rectangxilar  pulses  appears 

in  Figure  13«  The  pulse  generator  was  of  the  delay  line  type* 
RG-65/U  delay  line  cable  was  used*  This  pulse  generator  was 
triggered  by  a Lavoie  type  LA®592A  pulse  generator*  A Hewlett 
Packard  type  212A  pulse  generator  was  used  on  occasion  in 
obaearvlng  the  response  of  the  lines  to  pulses  of  greater  than  1 
microsecond  duration*  A Tektronix  type  5^7  oscilloscope  was 
used.  The  oscilloscope  sweep  was  trlggerca  by  the  input  pulse* 

A camera,  mounted  on  the  oecliloscope,  was  used  to  record  the 
input  and  output  v;ave  shapes  of  the  delay  line,  A video  amplifier 
was  placed  between  the  delay  line  and  the  pulse  generator*  The 
load  impedance  of  the  video  amplifier  was  made  equal  to  the 
oharaoterlstic  impedance  of  the  line*  A diagram  of  the  video 
amplifier  appears  in  Figure  Iq.* 

31 0 The  pulse  distortion  and  attenuation  v;ere  also  measured 
with  the  same  equipment*  The  oscilloscope  camera  was  used  to 
record  the  wave  foz*ms  of  both  the  Input  and  output  signals  and 
the  measurement s were  made  directly  frem  the  photographs  as  the 
eweep  of  the  type  517  oscilloscope  Is  quite  linear  and  the  sweep 
time  In  mllll®mlcroseconds  per  centimeter  quite  accurate* 

X7 
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32 o The  vertical  gain  was  kept  constant  for  both  Input  and 
output  pulses  80  that  ettenuatlon  measurements  could  be  made 
from  the  photographs o 

33 « delay  tjlme  as  v/ell  as  the  rise  time  and  fall  time  ^as 

likevvise  measured  on  the  osollloscopoo  The  delay  time  was  ' 
defined  as  the  time  between  the  mid»point  of  the  leading  edge 
of  the  input  and  output  wave  forma.  The  rise  and  fall  times 
were  defined  as  the  time  duration  between  the  10%  and  ^0%  values 
of  the  pulse  amplitude.  The  pulse  duration  was  defined  as  the 
time  betv;een  the  ^0%  values.  Tke  attsntiation  was  measured  by 
comparing  the  amplitudes  of  the  input  and  output  pulses. 

3^0  Although  the  pulse  response  of  the  lines  was  used  as  a 
measure  of  their  ability , some  sinusoidal  data  were  taken.  In 
order  to  determine  the  validity  of  the  equations,  a line  was 
connected  to  a r.f.  signal  generator  tijrough  a 10,000  ohm 
resistor  as  shovm  In  Figure  15©  The  Tektronix  53*7  oscilloscope 
v/as  used  as.  a VTVIvlo  With  the  line  short  circuited,  the  frequen® 
cles  at  which  the  impedance  of  the  line  was  a minimum,  was  noted. 
The  line  was  thus  electrically  A,  3 A etc.  long.  The  measure-* 

ments  were  repeated  with  the  line  open  circuited,  the  line  then 
being  etc.  long  electrlcallyt,  Prom  this  datap  the 


measured  values  of  and  Cq  at  low  frequencies,  and  the  physical 
dimensions  of  the  line,  'frp  could  bo  calculated. 

T 

Experimental  Results 

55©  Photographs  of  the  input  and  output  wave  forms  for  several 
short  lines  appear  in  Figure  l6.  All  input  pulses  are  1 micro<>* 
second  duration.  Lino  A has  an  average  of  lf.7  layers  of  AWQ 
ijl-P  wire  and  was  I065  inches  long  with  a delay  of  1.03  micros 
seconds.  This  line  had  a bad  reflection  occurring  near  the 
middle  of  the  line  as  can  be  observed.  Line  B has  ij.  layers  of 
AWO  ljUi’  wire  and  was  S.ijii.  in-ohos  long  with  a delay  of  0.6 
microsecond.  Lin©  C has  3 Is-jera  of  AWQ  39F  wire  and  was  2«5A* 
inches  long  and  had  a delay 'of  1«17  microseconds . The  last  row 
of  jdiotograpihs  are  the  input  and  output  wave  forms  observed 
using  a 15  foot  piece  of  RO«65/U  cable  which  had  a delay  of  0o7 
mieroaecondo  The  gain  of  the  scope  was  kept  constant  in  each 
line  30  that  the  attenuation  in  the  lines  may  be  observed. 

360  Photographs  of  the  Input,  output  and  Input  and  output  wave 
forms  superimposed  for  another  line  appear  in  Figure  17©  Lin© 

D has  3 layers  of  AWO  ip.HP  wire  and  was  9^75  inches  long.  It  had 
a delay  of  2.1  microseconds . In  the  photograph  of  input  and 
output  wave  forms  superimposed  00m©  small  variations  are  observed 
in  the  base  linn.  Those  not  originating  with  the  pulse  itself 
(due  to  finite  passband  and  compensation  limitations)  probably 
occur  due  to  minor  reflections  from  discontinuities  in  the  li^o 
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Reflections  of  this  magnitude  are  present  in  most  of  the  lines 
wound.  For  comparison  purposes  the  response  of  a *f6  foot  piece 
of  RG-65/U  cable  is  shorn  as  well  as  a 3 foot  piece  of  General 
Electric  1100  ohm  cable. 

37o  Emainples  of  lines  wound  vd.th  other  Instdated  wires  appear 
in  Figure  18.  All  these  lines  aa?e  wound  with  3 layers  of  AWO 
4i  wJje  vlth  different  types  of  Insulation.  Line  F was  wound 
with  heavy  formex  insulation  (Kq  = 3«1)»  line  F was  wound  with 
Sprague  Electric  Company  Ceroc  ST  insulation  (assumed  = 3)o 
This  wire  hj9;s  an  inorganic  ceramic  Insulating  coating  thinly 
deposited  on  copper  xrfLre  with  an  overlay  of  teflon.  Line  Q ’t/as 
wund  with  Spra^e  Electric  Company  Ceroc  200  insulation 
(assumed  ^ = 3).  This  wire  has  an  overlay  of  silicon  Instead 
of  teflon  but  otherwise  the  same  as  Ceroc  ST.  Line  H Is  a 
teflon  Insulated  wire  (K^  = 2)  of  Hi temp  Wires,  Incorporated i 
In  general  the  characteristics  of  all  these  lines  are  similar - 
Due  to  the  lower  dielectric  constant  of  the  teflon,  line  H has 
a higher  characteristic  ic^edaace  and  a shorter  delay  per  unit 
length. 

38.  Lines  have  been  wound  with  size  AWG  h?  wire.  !Bie  pulse 
response  of  such  a lino  appears  in  Figure  19.  It  will  be  noted 
that  the  attenuation  for  this  line  is  considerably  greater  than 
those  previously  mentioned.  This  is  due  to  the  increased  ohmic 
resistance  of  this  very  small  wire.  Extreme  care  had  to  be  used 
in  winding  lines  with  this  small  wire. 

39a  The  response  of  a higher  impedance  line  is  shown  in  Figure 
20.  This  line  had  characteristic  ixopedance  of  10,000  ohms. 

The  response  of  another  line  to  pulses  of  various  durations  is 
shown  in  Figure  21. 

40.  An  attempt  was  made  to  check  Figure  4 by  the  method  outlined 
in  section  17.  The  measxxrements  made  on  line  C is  shown  in 
Figure  22.  The  crosses  Indicate  open  circuit  measurements  and 
the  circles  indicate  short  circuit  measurements;  a comparison  of 
Figure  22  and  Figiiro  4 indicates  that  q is  aboui  0.4,  Rpom 
measurements  of  capacity  to  ground  the  value  of  q was  found  to 
be  0.605.  The  error  is  considered  to  be  well  within  experimental 
limits  when  one  considers  that  there  was  no  means  of  accurately 
placing  each  turn  in  accordance  with  the  geometrical  pattern 
assumed  in  the  theoretical  derivation.  Measurements  were  also 
made  on  several  other  lines  and  the  discrepancy  of  these  lines  was 
about  the  same  as  the  one  shown. 

41.  Characteristics  of  a line  with  longer  delay  are  shown  in 
Figure  23.  This  line  was  35-i“l/2  inches  long  and  had  a delay  of 
7.35  microseconds.  As  a cemparison  a 112  foot  section  of 
RG-65/U  cable  is  shoxjn.  This  cable  had  a delay  of  5.8  micro- 
seconds. It  is  apparent  that  the  rise  time  of  this  line  is 
considerably  better  than  that  of  RQ-65/tJ  cable  even  though  its 
delay  is  considerably  longer.  Several  bad  reflections  are  apparent 
due  to  wire  breakage  and  improper  winding. 
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42.  joie  rise  times  of  several  of  the  lines  which  were  more  or 
less  identical  have  been  plotted  in  Figure  24,  The  data  points 
on  curve  are  indicated  with  crosses.  The  data  points  for  RG-65/U 
cable  are  Indicated  by  circles.  Prom  this  curve  it  is  apparent 
that  the  rise  time  of  self -<  compensated  lines  and  RG-65/U  cable 
are  about  scusl  at  a delay  time  of  about  5«?  microseconds  and  at 
longer  delays  the  self-compensated  line  is  considerably  better. 

43,  More  data  on  the  lines  shown  in  all  the  photographs  appears 
in  Table  II.  The  cut-off  frequency  is  computed  from  the  rise 
timell. 


J’o  = 0-445  • 

Tr 

CONCLUSIONS 

41'-«  Experimental  evidence  has  shown  good  agreement  with  the 
theoretical  analysis  within  experimental  error. 

45.  It  la  ohserved  that  these  multilayer  selfr^ompensated,  bank 
wound  lines  have  considerably  longer  delays  per  axial  inch,  have 
considerably  reduced  attaiwations  for  the  same  delay  time,  but 
suffer  from  more  internal  reflections.  For  short  delays  (up  to 
about  2 microseconds)  the  rise  time  is  considerably  poorer.  This, 
of  course,  means  lower  cut-off  frequencies.  At  delays  of  greater 
than  4 microseconds,  however^  the  rise  time  is  considerably  better 
than  RQ-65/U,  This  is  attributed  to  the  fact  that  the  output 
pulse  of  these  lines  remains  largely  unchanged  as  the  time  delay 
increases,  while  RG-65/U  cable  has  an  exponential  rise  and  fall 
with  a flat  top. 

46.  Experimental  evidence  indicates  little  variation  of 
attenuation  with  different  wire  insulating  materials.  A higher 
dielectric  constant  material  on  the  wire  would  give  increased 
compensation  and  thus  give  even  greater  delays  per  unit  length. 

47.  It  appears  that  the  attenuation  of  these  lines  can  be  re-' 
duced  somewhat  and  fewer  minor  reflections  obtained  if  a better 
winding  technique  can  be  developed  to  approach  HK>re  closely  a 
true  bank  wound  line. 
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FIG.  2 SCHEMATIC  DIAGRAM  OF  A SECTION  OF  LINE 
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% VARIATION  IN  T FROM 
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FIG.  6 % VARIATION  IN  T 

' X 'M.AX 


•KT^T  .>•  T 


AMPLiTu:: 


FIG.  8 EFFECTS  OF  AMPLITUDE  DISTORTION 
WITH  NO  PHASE  DISTORTION  ON  THE  RESPONSE 

TO  A UNIT  IMPULSE 
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FIG.  9 PHASE  SHIFT  vs  FREQUENCY 


PMASF  DISTORTION  OF  SYSTEM 


SYSTEM  RESPONSE  TO  A UNIT  IMPULSE 


FIG.  10  EFFECTS  OF  A SINUSOIDAL  PHASE  DISTORTION 
WITH  NO  AMPLITUDE  DISTORTION  ON  THE  RESPONSE 

TO  A UNIT  IMPULSE 


FIG.  II  WOUND  DELAY  LINE,  SLOTTED  CORE, 
SLOTTING  EQUIPMENT,  AND  WIRE  FEEDING  DEVICE 


FIG.  14  VIDEO  AMPLIFIER  CIRCUIT  DIAGRAM 
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FIG.  15  BLOCK  DIAGRAM  OF  EQUIPMENT 
FOR  OPEN  AND  SHORT  CIRCUIT  DATA 
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input  OUTPUl 


— H k~  — 1^ 


0.5^SEC  0.5/iSEC 

Ij65  in.  long,  4.7  LAYER  BANK  WOUND  LINE  USING  41  FORMEX 
INSULATED  WIRE  (TOTAL  DELAY  1.03 /iSEC) 


2.44  IN.  LONG  4 LAYER  BANK  WOUND  LINE  USING  41  FORMEX 
INSULATED  WIRE  (TOTAL  DELAY  l.l7/iSEC) 


2.75  IN.  LONG  3 LAYER  BANK  WOUND  LINE  USING  33F  FORMEX 
INSULATED  WIRE  (TOTAL  DELAY  0.6/iSEC) 


^ 15  FT  RG-S5/U  DELAY  LINE  CABLE  U- 

0.25 /iSEC  aZS/iSEC 


FIG.  16  PULSE  RESPONSE  OF  SEVERAL  BANK  WOUND  LINES 
AND  A SHORT  LENGTH  OF  RG-65AJ  DELAY  LINE  C.ABLE 


INPUT  OUTPUT  INPUT  8 OUTPUT 


FIG.  !7  COMPARISON  OF  PULSE  RESPONSE  OF  A BANK  WOUND  LINE 
WITH  R6-65/U  DELAY  LINE  CABLE  AND  G.E.  5III89I  DELAY  LINE  CABLE 
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INPUT 


OUTPUT 


IN PUT  a OUTPUT 


LINE  E 

HEAVY  FORMEX  INSULATION  ON  WIRE 


LINE  G 

CEROC  200  INSULATION  ON  WIRE 


“H  h“  “H 

0.25 /iSEC  0.25fiSEC 


LINE  H 


“H  h“ 

I /iSEC 


FIG.  18  COMPARISON  OF  SEVERAL  3 LAYER  BANK  WOUND  LINES 
FOR  VARIOUS  TYPES  OF  INSULATION  ON  A.WG.  41  WIRE 
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FIG.  19  PULSE  RESPONSE  OF  A LINE  WOUND  WITH  A.W.G.#47  WIRE 
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FIG.  2!  PULSE  RESPONSE  OF  A LINE 
TO  VARIOUS  PULSE  DURATIONS 
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Fia  22  A PLOT  OF  -J-  vs  ^ FOR  A TYPICAL  LINE  (LINE  C) 
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FIG.  23  COMPARISON  OF  PULSE  RESPONSE  OF  A LONG  BANK  WOUND  LINE 

WITH  RG-65/U  DELAY  LINE  CABLE  ' 
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